Text-to-speech (TTS) is an important component of robots, humanoids and Internet of Things as a mean of human computer interaction. One of the main components of TTS is text processing that functions as the producer of syllabic speech units to be used in the generation of human-like speech. The naturalness of TTS largely depends on text processing component, particularly word syllabification. Syllabification is a process of segmenting the given text input into sequence syllabic speech units. This paper begins with investigations of previous syllabification technique of Malay language to identify the limitations. An improved syllabification technique is then proposed and compared against the performance of another three known syllabifications. The datasets used comprises 25,000 words collected from Malay language online national newspaper articles and Wikitionary Open Content Dictionary. Word Error Rate (WER) percentage is calculated and our proposed syllabification technique achieved the lowest WER of 2.61% with an accuracy rate of 97.39%.
Introduction
Speech synthesis is the process of converting written text to spoken audio form, commonly referred to as text-tospeech (TTS). It is widely used as assistive technology for people with wide range of disabilities especially those with speech impairments 1, 2 . In recent scenario, TTS is also embedded in service robots and humanoids to interact with intelligent agents 3 and providing short commands 4, 5 . In general, TTS consists of two main components, which are text processing and speech generation 1 . The main aim of text processing component is to segment the given text input into sequence of phonemic or syllabic speech units. These speech units are then produced into speech sounds using speech generation component either by synthesis from parameters or by selection of a unit from a large speech corpus 6 . Text processing is the focus of this paper as producing correct sequence of speech units is essential for a natural speech synthesized output 7 . In many languages, speech units may be syllabic or phonemic. However, Malay language is an alphabetic language with salient syllabic structures 8 . Hence, segmentation of text into syllabic speech units is preferred 9, 10 . This process is known as syllabification and this term is used throughout this paper. Inaccurate syllabification remains a challenge in most text processing component of a TTS 11 . Incorrect segmentation of syllable leads to inappropriate pronunciation of speech, thus generating an unnatural synthesized speech. Therefore, this paper reviews previous work of speech synthesis in Malay language to identify the gap in syllabification and proposed an improvement to reduce the word error rate (WER). Section 2 compares related work of syllabification in Malay language. Data sets used in this paper is described in Section 3 followed by explanation of the improved syllable segmentation in Section 4. Evaluation results and discussion are then presented in Section 5 and concluded in Section 6.
Related work
Native Malay words are agglutinative alphabetic-syllabic that are based on four distinct syllable structures, i.e. V, VC, CV and CVC 12 . These basic structures can be combined in multiple ways to form a word. For example, a disyllabic word such as 'kita' (we) is represented using CV+CV and a tetrasyllabic word such as 'mesyuarat' (meeting) is composed of CV+CV+V+CVC. Malay words are mostly formed by two or more distinct syllables 13 and a few are mono-syllabic words. Examples of word with various syllabic structures are presented in Table 1 . Syllabification is a language-dependent process 14 of dividing words into syllables. Each language can have its own set of syllable structure. Therefore, syllabification techniques may vary from one language to another. Previous work on Malay language syllabification shows usage of two techniques: 1) Syllabification based on database 11, 15 , and 2) Segmentation based on syllable structure 4 . Syllabification based on syllable database requires large storage capacity to store the entire syllable in a language. On the other hand, segmentation based on syllable structure used knowledge rules and phonetics devised by linguists. One of the earliest work of syllabification was done by Zeki & Azizah 15 by selecting the longest characters sequence in a word and comparing the sequence to a syllable database.
The sequence of characters comprised 4 characters beginning from the leftmost character (i.e. first character) of a word. In other words, the selection of characters is in left to right direction. If characters sequence matches with a syllable in the database, the sequence of 4 characters is segmented and considered as a syllable unit. Otherwise, the last character in the sequence is dropped leaving a 3-characters sequence as a syllable unit. The revised syllable unit is again compared against the syllable database for a match. The dropped-and-matched process is continued until a syllable unit match is found in the syllable database. The word is then segmented based on the matched syllable unit. This syllabification technique is simple as only characters are used instead of phonemes. However, incorrect syllabifications are rather rampant. Few incorrect examples are shown in Table 2 . 10 for syllabification intended for a Malay language speech synthesis. The first steps of syllabification converted grapheme of a word into different sound class such as vowel, diphthong, fricative, affricate, plosive, nasal and glides. Then, the word is segmented by determining the largest possible syllable that can be formed from right to left. A summary of the above mentioned three syllabification techniques are illustrated in Fig. 1.   a) b) c)
Data collections
The word datasets used in this paper are randomly selected from online national newspaper articles (i.e. Harian Metro 16 and Berita Harian 17 ) and Wiktionary Open Content Dictionary
18
. A total of 25,000 Malay words are collected and their syllable length distributions are graphically represented in Fig. 2 (a) . It can be seen from the figure that the highest percentage of syllable length of Malay words is trisyllabic words. These words are further manually segmented to syllable units using Malay syllable structure and stored in a syllable database for syllabification usage. Only 1,444 units of syllables are acquired from these 25,000 words. In syllable database, the distribution of characters in a syllable is show in in Fig. 2 (b) . As can be seen, the three characters per syllable scored the highest percentage of 68%. Furthermore, it is also discovered that none of the collected words consists of more than 5 characters per syllable. Due to this fact, we chose a sequence of 5 phonemes sequence in our proposed syllabification technique.
a) b)

Methodology
In this research, syllabification based on syllable database similar to Tan & Ranaivo-Malancon 11 is adopted and improved by adding a specific rule for MustFront syllables (refer Table 4 ). Fig. 3 demonstrates the syllabification technique proposed in this paper. 
Text normalization
In this paper, we only focus on Malay words comprising alphabetic characters. Therefore, all numbers are converted into alphabetic words in text normalization stage. As an example, number '2' is converted into the word 'two'. However, all punctuations and abbreviations are ignored and not included in the data set.
Phoneme conversion
In this stage, all characters in the normalized text are converted to phoneme based on Malay language phonetics. Malay language phonetics consists of 34 phonemes, of which 24 phonemes are of Malay language origin and 10 phonemes are borrowed from English and Arabic language 19 . The 24 original Malay phonemes are further categorized into 6 vowel phonemes and 18 consonant phonemes. The vowel phonemes are /i,e, ,a,u,o/ and the consonant phonemes are /p, b, t, d, k, g, c, j, m, n, , ,s, h, r, l, w, y/. As for the 10 borrowed consonants, 8 consonants are Arabic loan consonants and 2 are English loan consonants. The Arabic loan consonants are (/ z, , ž, , ð, x, , /), while the English loan consonants are (/v, f/). At the end of phoneme conversion stage, all characters in the normalized text are mapped to their corresponding Malay language phonemes using Table 3 . Table 3 . Characters to phoneme conversion mapping of Malay language.
Syllabification
Syllabification of a word starts with selecting 5 phoneme sequences beginning from the rightmost phoneme of the word. The selected phoneme sequence is then compared to the syllable database for a match. If a syllable in the database is matched, the phoneme sequence is identified as a syllable. Otherwise, the rightmost phoneme is dropped from the phoneme sequence leaving a 4-phoneme sequence, and a match is then searched again from the syllable database. The dropped-and-matched process is continued until a syllable unit match is found in the syllable database. The process continues in right to left direction for all phonemes in the word and the word are then segmented based on the matched syllable unit. This syllabification process is adapted from Tan & RanaivoMalancon 11 . However, we discovered an anomaly for 8 syllables that are located within a word or at the end of a word. In this paper, these syllables are referred to as MustFront syllables (see Table 4 ) signifying that these designated syllables must be positioned at the beginning of a word. For example, the word /kemaskan/ is wrongly segmented as /ke/ma/skan/ instead of /ke/mas/kan/ because the 4-phoneme sequence /skan/ is identified as syllable in the syllable database. An example of the word that used /skan/ as a syllable is the word /skandal/, and the syllable is located at the beginning of the word. In the case of the word /kemaskan/, the syllable /skan/ is located at the end of the word, hence the 4-phoneme sequence should not be identified as a syllable. In our proposed syllabification technique, we add another rule as shown in Fig. 4 . With the addition of the new rule, if the MustFront syllables are located at the end or within a word, the leftmost phoneme is dropped from the phoneme sequence and a search for syllable match from the syllable database is reiterated. As an example, in the case of word /kemaskan/, the leftmost phoneme /s/ is truncated from the syllable /skan/ creating a new syllable /kan/. A match search is reiterated from the syllable database for the syllable /kan/. 
Result and discussion
In this paper, four syllabifications experiments are conducted using the 25,000 words dataset described in Section 3. Table 5 shows that the highest WER is produced by Zeki & Azizah 15 and the lowest WER is achieved by our proposed syllabification. Based on the detailed result analysis, Zeki & Azizah 15 's syllabification structure is unable to cater for complex words such as tetrasyllabic words which comprises 34% of our datasets. On the other hand, Samsudin et al. 9 's syllabification managed a reduced WER of 36.52% due to the introduction of rules for Malay diphtongs and loan words. A much better result is produced by Tan & Ranaivo-Malancon 11 's work which achieved only 3.75%. However, with the addition of new rule for MustFront syllables in our proposed syllabification technique, WER is further reduced from 3.75% to 2.61%. After further analysis of our proposed technique, the small WER percentage is due to the limitation of syllables in the syllable database. This fact will be one of our concerns for future research.
Conclusion
This paper presents the syllabification of Malay word for the purpose of text to speech synthesis. We discovered eight syllables, which we named MustFront syllables, that are causing syllabification errors. With the addition of the new rule, our proposed technique managed a WER reduction of 1.10%. However, further improvements are still necessary as several words are still incorrectly segmented. Our next direction is to increase the number of syllables in the syllable database and looking into possibility of integrating root dictionary into the syllabification technique.
